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Abstract. We investigated interindividual variation and intra-individual phenotypic
flexibility in basal metabolic rate (BMR), total evaporative water loss (TEWL), body tem-
perature (Tb), the minimum dry heat transfer coefficient (h), and organ and muscle size of
five species of larks geographically distributed along an aridity gradient. We exposed all
species to constant environments of 158C or 358C, and examined to what extent interspecific
differences in physiology can be attributed to acclimation. We tested the hypothesis that
birds from deserts display larger intra-individual phenotypic flexibility and smaller inter-
individual variation than species from mesic areas.
Larks from arid areas had lower BMR, TEWL, and h, but did not have internal organ
sizes different from birds from mesic habitats. BMR of 158C-acclimated birds was 18.0%,
29.1%, 12.2%, 25.3%, and 4.7% higher than of 358C-acclimated Hoopoe Larks, Dunn’s
Larks, Spike-heeled Larks, Skylarks, and Woodlarks, respectively. TEWL of 158C-accli-
mated Hoopoe Larks exceeded values for 358C-acclimated individuals by 23% but did not
differ between 158C- and 358C-acclimated individuals in the other species. The dry heat
transfer coefficient was increased in 158C-acclimated individuals of Skylarks and Dunn’s
Larks, but not in the other species. Body temperature was on average 0.48C 6 0.158C
(mean 6 1 SEM) lower in 158C-acclimated individuals of all species. Increased food intake
in 158C-acclimated birds stimulated enlargement of intestine (26.9–38.6%), kidneys (9.8–
24.4%), liver (16.5–27.2%), and stomach (22.0–31.6%). The pectoral muscle increased in
158C-acclimated Spike-heeled Larks and Skylarks, remained unchanged in Hoopoe Larks,
and decreased in 158C-acclimated Woodlarks and Dunn’s Larks. We conclude that the degree
of intra-individual flexibility varied between physiological traits and among species, but
that acclimation does not account for interspecific differences in BMR, TEWL, and h in
larks. We found no general support for the hypothesis that species from desert environments
display larger intra-individual phenotypic flexibility than those from mesic areas.
The coefficient of variation of larks acclimated to their natural environment was smaller
in species from arid areas than in species from mesic areas for mass-corrected BMR and
surface-specific h, but not for mass-corrected TEWL. The high repeatabilities of BMR,
TEWL, and h in several species indicated a within-individual consistency on which natural
selection could operate.
Key words: Alaudidae; aridity, basal metabolic rate; dry heat transfer coefficient; larks; phe-
notypic flexibility; phenotypic plasticity; total evaporative water loss.
INTRODUCTION
Efforts to understand physiological diversity have
traditionally concentrated on explaining variation
among species from different environments whereas
few studies have focused on intraspecific variation in
physiological phenotypes, either between or within in-
dividuals. Because the geographical distribution of
most species includes different environments, it is un-
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63121-4499 USA. E-mail: I.Tieleman@biol.rug.nl
5 Present address: Hartpury College, Gloucestershire,
GL19 3BE United Kingdom.
likely that a single phenotype has high fitness in all
conditions. Phenotypic plasticity, a concept that in-
cludes changes in adult phenotypes depending on the
environment (acclimatization or acclimation) and dif-
ferences among phenotypes resulting from develop-
mental conditions (ontogenetic plasticity), can be a so-
lution to the problem of adaptation to spatially or tem-
porally heterogeneous environments (Via et al. 1995,
Schlichting and Pigliucci 1998). Variation in physio-
logical phenotypes among species (interspecific vari-
ation) or among individuals within a species (interin-
dividual variation) may involve a combination of ge-
notypic diversity that is potentially influenced by nat-
ural selection and irreversible and/or reversible
phenotypic adjustments. Reversible changes in indi-
vidual phenotypes that reflect flexible responses to
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changing tasks have been termed phenotypic flexibility
(Piersma and Lindstro¨m 1997). Although this intra-
individual phenotypic flexibility is not mediated by
heritable change, the capacity to change could be under
the influence of natural selection.
Why some species are more phenotypically plastic
and/or genetically diverse than others has been strongly
debated (Parsons 1987, 1996, Via et al. 1995, Schlicht-
ing and Pigliucci 1998). One hypothesis predicts that
intra-individual phenotypic flexibility will be large in
species from temporally heterogeneous environments
where ecological situations vary in the course of an
individual’s life (Schlichting and Pigliucci 1998). The
maintenance of interindividual variation among phe-
notypes appears dependent on the frequency of envi-
ronmental change and on the spatial or temporal nature
of heterogeneity of the environment. Spatial hetero-
geneity can maintain genetic variation and temporal
heterogeneity favors phenotypic plasticity, both poten-
tially resulting in phenotypic variation (Hedrick 1986,
Schlichting and Pigliucci 1998).
Despite a lack of water, scarce food resources, and
high ambient temperatures (Ta), deserts harbor a num-
ber of bird species. Interspecific comparisons have
shown that in these species, basal and field metabolic
rates are on average 17% and 49% lower, respectively,
and total evaporative water loss rates (TEWL) are
;35% lower than in birds from mesic areas (Williams
1996, Tieleman and Williams 2000). These findings are
consistent with the idea that birds in deserts have ad-
justed their physiology to the environment (Bartholo-
mew and Cade 1963, Dawson and Schmidt-Nielsen
1964, Serventy 1971, Dawson 1984, Withers and Wil-
liams 1990). The extent to which the differences in
basal metabolic rate (BMR) and TEWL between desert
and non-desert species can be attributed to genetic ad-
aptations or phenotypic plasticity remains obscure.
Some birds adjust BMR in response to season (Ken-
deigh 1969, Pohl and West 1973, Cooper and Swanson
1994, Piersma et al. 1995) or to varying temperatures
during acclimation experiments (Gelineo 1964, Wil-
liams and Tieleman 2000), whereas others do not
change BMR in the field or in the laboratory (Hudson
and Kimzey 1966, O’Connor 1995). Not only meta-
bolic rates, but also organs, show flexibility in some
birds, usually in response to alterations in diet or en-
vironment (Karasov 1996, Piersma and Lindstro¨m
1997). The flexibility of other components of an in-
dividual’s physiology such as TEWL, body temperature
(Tb), and the dry heat transfer coefficient (h) has re-
ceived less attention (Williams and Tieleman 2000).
Total evaporative water loss can be reduced in small
granivorous birds in response to water deprivation
(Cade et al. 1965, Dawson et al. 1979), but this feature
is usually not considered in the context of acclimation
to Ta.
We investigated intra-individual phenotypic flexi-
bility and interindividual variation in BMR, TEWL, h,
Tb, and organ sizes of five species of larks that are
distributed over an aridity gradient. When aridity in-
creases, decreasing water and food availability and in-
creasing Tas could exert stronger selection on the rates
of metabolism and water loss in birds. Hoopoe Larks
(Alaemon alaudipes) and Dunn’s Larks (Eremalauda
dunni) occur in arid deserts, Spike-heeled Larks (Cher-
somanes albofasciata) in semi-arid regions, and Wood-
larks (Lullula arborea) and Skylarks (Alauda arvensis)
live in mesic temperate habitats (Cramp 1988, Pa¨tzold
1994). We examined the extent to which acclimation
to Ta contributes to interspecific differences in physi-
ology. In addition, we tested the hypothesis that with
increasing aridity, when selection pressures on the en-
ergy and water balance might be stronger and the tem-
poral heterogeneity of the environment larger, birds
display more intra-individual flexibility and less inter-
individual variation in their physiology than do species
from more moderate climates.
METHODS
Animals
Skylarks (Alauda arvensis) and Woodlarks (Lullula
arborea) were mist-netted in the late spring of 2000 in
the northern part of the Netherlands (528529 N, 068209
E), and housed in outdoor aviaries at the Zoological
Laboratory of the University of Groningen. We cap-
tured Hoopoe Larks (Alaemon alaudipes) and Dunn’s
Larks (Eremalauda dunni) during June 2001 in Ma-
hazat as-Sayd, a reserve in the west-central Arabian
Desert (228159 N, 418509 E) and transported them to
the National Wildlife Research Center, near Taif, Saudi
Arabia (see Plate 1). Spike-heeled Larks (Chersomanes
albofasciata) were captured in May and October of
2001 on Benfontein game farm, Northern Cape, South
Africa (288509 S, 248509 E) and transferred to Rhodes
University, Grahamstown. All birds spent 3–6 wk in
captivity prior to experimentation. Studies were carried
out under license DEC 2425 from the Animal Exper-
imentation Committee of the University of Groningen.
Protocol
We measured BMR and TEWL of all birds before
assigning them to one of two groups, each with equal
numbers of males and females; birds were similar in
body mass in both assemblages for all species. Before
pre-acclimation measurements, birds were kept in out-
door aviaries under natural day length and climate con-
ditions. One group of each species was then housed in
a constant Ta room at 15 6 28C (12L:12D), a Ta below
the thermoneutral zone of all species and close to the
average Ta experienced by larks in the Netherlands dur-
ing the breeding season. We placed the other group in
a room with a Ta of 35 6 28C (12L:12D) to mimic
environmental temperatures of the Arabian Desert dur-
ing spring. Birds were housed in cages of 1 3 1 3 2
m. Absolute humidities were not controlled, but mea-
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PLATE. 1. The Hoopoe Lark (left) lives in Mahazat as-Sayd (right), the arid extreme of the gradient.
sured to be 5–7 g H2O/m3 in the 158C rooms in all
locations, and 9–12 g H2O/m3 in the 358C rooms in the
Netherlands and Saudi Arabia, and 32 g H2O/m3 in
South Africa. We fed birds a mixture of seeds, insects,
raw beef heart, and boiled eggs.
Metabolism and evaporative water loss
We measured basal rates of oxygen consumption and
TEWL for postabsorptive birds during their nocturnal
phase using standard flow-through respirometry and
hygrometry methods (Gessaman 1987, Williams and
Tieleman 2000). Measurements of BMR were made at
Ta values previously established to be within the ther-
moneutral zone of all species: 25–308C for Skylarks (n
5 14), 308C for Woodlarks (n 5 14), and 358C for
Dunn’s Larks (n 5 16), Hoopoe Larks (n 5 14), and
Spike-heeled Larks (n 5 20). The initial and final val-
ues for TEWL, the minimum h, and Tb were based on
measurements at 258C for all species. For the Spike-
heeled Lark, we combined data for BMR of the ex-
periments in May (cold 1 warm: n 5 10) and in Oc-
tober (cold 1 warm: n 5 10). For TEWL, h, and Tb
for this same species we used data from October only,
because we did not measure TEWL and Tb at 258C in
May.
Details of our laboratory setup and measurement pro-
tocol in Saudi Arabia and the Netherlands and calcu-
lations of oxygen consumption and evaporative water
loss are given elsewhere (Williams and Tieleman 2000,
Tieleman et al. 2002). In brief, birds were fasted for 3
h prior to the start of our metabolism trials. They were
then placed in a metabolic chamber on a wire-mesh
platform over a layer of mineral oil that trapped feces,
thus excluding feces as a source of water in the mea-
surements. Air coursed through Drierite (W. A. Ham-
mond Drierite Company, Xenia, Ohio, USA), soda
lime, and Drierite, the chamber, a dew-point hygrom-
eter (model M4-DP, General Eastern, Wilmington,
Massachusetts, USA), and again through Drierite, soda
lime, and Drierite, before passing through the mass
flow controller (model 5850E, Brooks Instruments,
Hatfield, Pennsylvania, USA), a diaphragm pump, and
into an overflow from which the O2-analyzer sampled
air (in Saudi Arabia: model S-3A/II, Applied Electro-
chemistry, Pittsburgh, Pennsylvania, USA; in the Neth-
erlands: model 4100, Servomex Xentra, Tulsa,
Oklahoma, USA). After a 2–3-h equilibration period,
we recorded the oxygen concentration and dew point
of inlet and outlet air, the Ta of the dew-point hygrom-
eter and the chamber, using a data logger (model 21X
or CR23X, Campbell Scientific, Logan, Utah, USA).
Outlet air had a relative humidity that was always be-
low 25% (Lasiewski et al. 1966) and an oxygen con-
centration between 20.55% and 20.85%. When, during
the third hour of measurements, the traces for oxygen
consumption and dew point were stable for at least 10
min, we noted these times and used these data for cal-
culations.
In South Africa, Spike-heeled larks were fasted for
3 h, weighed to 60.1 g, and then placed in a perspex
metabolic chamber (29 3 18 3 18 cm) with an air-
tight lid and on a wire mesh platform over a layer of
mineral oil to trap feces. The chamber was placed in-
side a darkened, constant-temperature cabinet. A ther-
mocouple was inserted into the chamber through a rub-
ber stopper to measure chamber Ta, and a passive in-
frared sensor mounted inside the chamber detected ac-
tivity. Air, drawn from outside the laboratory, passed
through columns of Drierite, Ascarite, and Drierite to
remove CO2 and water vapor. Air then passed through
a side-trak mass flow controller (Sierra Instruments,
Monterey, California, USA) set at 700 mL/min before
entering the chamber. Air exiting the chamber passed
again through columns of Drierite, Ascarite, and Drier-
ite before a subsample was drawn through an O2-an-
alyzer (model FC-1B, Sable Systems, Las Vegas, Ne-
vada, USA). After a 60-min equilibration period, read-
ings of percentage O2, flow rate, chamber temperature,
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and bird activity were recorded at 20-s intervals for 2
h using DATACAN V data acquisition software (Sable
Systems International 1996). Percentage O2 of inlet air,
assumed to be 20.95%, was measured before and after
each experimental run using the Sable Systems com-
puter-controlled baselining system. Calculations of ox-
ygen consumption were carried out with the DATA-
CAN V analysis program using Equation 4a in Withers
(1977), and were converted to heat production assum-
ing 20.08 J/mL O2 (Schmidt-Nielsen 1997). BMR was
calculated from the lowest, stable 10 min of oxygen
consumption.
For Spike-heeled Larks, we calculated TEWL by
measuring the difference in the amount of water vapor
in the air immediately before entering and after leaving
the chamber using a relative humidity probe (model
MCS 174, MC Systems, Cape Town, South Africa).
Measurements of RH and temperature were recorded
at 1-min intervals onto an MC-120E data logger (MC
Systems). The amount of water vapor in the inlet and
outlet air (milligrams per minute) was subsequently
calculated from measurement of RH and Ta (Smith-
sonian Tables in Lide and Frederikse 1997). TEWL was
determined as the difference between the amount of
water vapor entering and leaving the chamber, and av-
eraged over the last 30 min of measurement.
After metabolism measurements, we immediately
measured cloacal Tb in all larks with a thermometer
(OMEGA Engineering, Stamford, Connecticut, USA,
or Sensortek, Costa Mesa, California, USA) and an
Omega copper-constantan thermocouple (30 gauge).
Because we did not have continuous recordings of Tb,
we calculated the dry heat transfer coefficient (h) as
h 5 M 2 E/(Tb 2 Ta), and assumed that the change in
Tb during our measurements was zero (Tieleman and
Williams 1999). In this equation, M equals metabolic
heat production (kilojoules per day), and E is evapo-
rative heat loss (kilojoules per day).
To establish if a three-week period was sufficiently
long for birds to complete any adjustments to their
metabolic rate (MR) and TEWL, we measured these
variables at 258C in Woodlarks and Skylarks after two
weeks and after three weeks. We calculated the change
in body mass, MR, TEWL, and h, and tested for dif-
ferences in change between 358C and 158C treatments
with an ANOVA, but found no significant differences
(mass: treatment F1,25 5 1.05, P 5 0.32, species
F1,25 5 1.5, P 5 0.71; MR: treatment F1,25 5 0.34,
P 5 0.57, species F1,25 5 0.98, P 5 0.33: TEWL, treat-
ment F1,25 5 2.24, P 5 0.15, species F1,25 5 0.34, P 5
0.57; h: treatment F1,25 5 0.02, P 5 0.88, species
F1,25 5 2.18, P 5 0.15). We then pooled the data for
358C- and 158C-acclimated groups and tested if the
changes in mass, MR, TEWL and h differed signifi-
cantly from zero, but found no statistical support (mass:
t 5 0.05, df 5 27, P 5 0.96; MR: t 5 1.08, df 5 27,
P 5 0.29; TEWL: t 5 1.79, df 5 27, P 5 0.09; h: t 5
0.47, df 5 27, P 5 0.64). We concluded that three weeks
of acclimation was ample time for birds to adjust their
physiology to these environments. For Woodlarks and
Skylarks, we used the average values after two and
three weeks as finals for TEWL, h, and Tb.
Food intake
We measured food intake of Woodlarks, Skylarks,
Hoopoe Larks, and Dunn’s Larks in the cold and warm
rooms during week 3 of the acclimation period by iso-
lating individual birds in small cages (50 3 30 3 30
cm) for 24 h. We fed Skylarks and Woodlarks a diet
of mealworms and dry insects, Dunn’s Larks meal-
worms and seeds, and Hoopoe Larks mealworms only.
Food was weighed to 60.1 g before and after the 24-h
trial period. We also placed a weighed amount of food
outside the cage and reweighed it after the 24-h trial
period to account for desiccation of the food in our
calculations. Birds maintained mass during the food
intake measurements.
Body composition
At the end of the 3-wk acclimation period, we sac-
rificed the birds and dissected out their organs and mus-
cles of the pectoral region on the left side of the body.
Organs and muscles were dried to constant mass for 2 d
at 758C and weighed on a Mettler analytical balance
(Mettler, Greifensee, Switzerland) to 60.1 mg.
Repeatability
Repeatability (r) is a measure of within-individual
consistency of a character, estimated from multiple
measurements of the same individual, and sets an upper
limit to heritability (Lessells and Boag 1987, Boake
1989, Falconer and Mackay 1996). The repeatability is
defined as r 5 (VG 1 VEg)/VP, where VP 5 VG 1 VEg 1
VEs is the total phenotypic variance, VG is the genotypic
variance, VEg is the general environmental variance
common to all repeated measurements of the same in-
dividual due to permanent effects, and VEs is the special
environmental variance within individuals due to tem-
porary factors (Falconer and Mackay 1996). Repeat-
abilities can be calculated as: r 5 2 2S /(S 1A
is the among-individual variance and S22 2S ), where SA A
the within-individual variance (Falconer and Mackay
1996). The variance components were derived from
mean squares in a one-way analysis of variance with
BMR, TEWL, or h as the dependent variables and in-
dividual and treatment as fixed factors: S2 5 MSW and
5 (MSA 2 MSW)/n0, where MSW is the error mean2SA
square, MSA the mean square among individuals, and
n0 a coefficient related to the sample size per individual
(Lessells and Boag 1987). Incorporating treatment as
fixed factor in the analyses accounted for the effect of
acclimation. Standard errors were calculated following
Becker (1984).
Statistical analyses
Statistical analyses were performed using SPSS 10.0
(SPSS 1999). Values are presented as means 6 1 SD
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TABLE 1. Body masses of 358C and 158C treatment groups before and after three weeks of acclimation for Skylark, Woodlark,
Spike-heeled Lark, Dunn’s Lark, and Hoopoe Lark.
Species Treatment n
Initial mass
(mean 6 1 SD) P
Final mass
(mean 6 1 SD) P
Difference
(mean 6 1 SD) P
Skylark 358C
158C
7
7
31.4 6 3.31
31.7 6 2.69
0.84
32.2 6 3.59
34.9 6 4.46
0.23
0.8 6 1.72
3.2 6 3.31*
0.11
Woodlark 358C
158C
7
7
25.8 6 1.39
25.3 6 0.48
0.36
27.0 6 1.24
28.7 6 1.44
0.03
1.2 6 1.08*
3.5 6 1.49*
0.006
Spike-heeled Lark 358C
158C
10
10
23.9 6 3.67
25.4 6 3.04
0.32
25.5 6 3.26
27.1 6 3.23
0.31
1.7 6 1.23*
1.6 6 2.37
0.96
Dunn’s Lark 358C
158C
8
8
20.7 6 1.47
20.3 6 2.13
0.66
22.2 6 1.65
21.6 6 2.26
0.53
1.5 6 0.92*
1.3 6 1.02*
0.64
Hoopoe Lark 358C
158C
7
7
37.1 6 3.76
35.9 6 3.78
0.56
39.0 6 3.73
38.8 6 4.18
0.90
1.9 6 1.92*
2.9 6 1.15*
0.28
Note: Significance of differences between the 358C and 158C groups are indicated with P values based on t tests.
* Differences significantly different from zero (P , 0.05).
unless noted otherwise. We used analysis of covariance
(ANCOVA) with BMR, TEWL, or h as the dependent
variable, treatment as fixed factor, and mass as a co-
variate. Although we always tested the interaction be-
tween covariate and fixed factor, we do not always
report the results of insignificant interactions. Propor-
tional data were arcsine square-root transformed before
performing parametric statistics (Zar 1996).
RESULTS
Body mass
Before acclimation, average body mass did not differ
between the 158C and 358C groups in any of the species,
but during the acclimation period, individuals in all
groups gained mass, except for those in the 358C group
of the Skylarks and in the 158C group of the Spike-
heeled Larks (Table 1). Woodlarks acclimated to 158C
gained significantly more mass and were heavier after
three weeks than 358C-acclimated conspecifics, but the
change in mass during acclimation did not significantly
differ between treatments in the other four species (Ta-
ble 1). When we combined all five species in an AN-
OVA with change in mass as the dependent variable
and species and treatment as fixed factors, we found a
significant effect of treatment (F1,72 5 5.45, P 5 0.022),
but no significant effects of species (F4,72 5 0.87, P 5
0.48) or of the interaction term (species 3 treatment
F4,68 5 1.95, P 5 0.11). We concluded that the overall
effect of the acclimation period for all species was a
larger increase in mass in the 158C group than in the
358C group, even though species-specific differences
were only evident between groups of the Woodlarks.
Basal metabolic rate
Prior to acclimation, BMR did not differ between
groups in any of the species, except for the Woodlark
(Fig. 1), where random assignment of individuals to
the two groups resulted, accidentally, in a significant
effect of the interaction between mass and group (AN-
COVA F1,10 5 6.11, P 5 0.033). After three weeks of
acclimation, the two groups of Woodlarks did not differ
significantly in BMR (F1,11 5 1.37, P 5 0.27), although
the 158C-acclimated birds tended to have a higher BMR
than the 358C-acclimated individuals. Skylarks, Spike-
heeled Larks, Dunn’s Larks, and Hoopoe Larks in the
158C groups had significantly higher BMR than birds
in the 358C groups (Skylark: F1,11 5 26.96, P , 0.001;
Spike-heeled Lark: F1,17 5 4.66, P 5 0.045; Dunn’s
Lark: F1,13 5 42.71, P , 0.001; Hoopoe Lark: F1,11 5
11.72, P 5 0.006) (Fig. 1). Corrected for body mass
differences between treatments and expressed as a per-
centage of BMR of the 358C group, BMR in the 158C
group was increased by 4.7% in the Woodlark, 25.3%
in the Skylark, 12.2% in the Spike-heeled Lark, 29.1%
in the Dunn’s Lark, and 18.0% in the Hoopoe Lark.
To facilitate comparisons among species, we cal-
culated residuals of BMR based on an allometric equa-
tion for 12 species of larks: log BMR 5 0.225 1 0.901
log mass, with BMR measured in kilojoules per day,
and mass measured in grams (Tieleman et al. 2003)
(Fig. 2A). Woodlark and Skylark had higher residual
BMR values than the other three species (Fig. 2A). We
used univariate ANOVA with the residual BMR of all
initials, or of the finals after acclimation to 158C and
358C as dependent variables to test for differences be-
tween species. Species had a significant effect on re-
sidual BMR (initial values: F4,79 5 57.26, P , 0.0001;
158C: F4,34 5 94.52, P , 0.0001; 358C: F4,34 5 61.00,
P , 0.0001), and subsequent post hoc tests indicated
that BMR was below predictions in the Hoopoe Larks,
near predictions in Dunn’s Larks and Spike-heeled
Larks, and exceeded predictions in Skylarks and Wood-
larks (Fig. 2A).
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FIG. 1. Basal metabolic rate (BMR) as a function of body mass of birds assigned to acclimation at 358C (open symbols)
and 158C (solid symbols) for Woodlark, Skylark, Spike-heeled Lark, Dunn’s Lark, and Hoopoe Lark when acclimated to
their natural environment (pre-acclimation) and after acclimation to 358C and 158C (post-acclimation). Lines indicate sig-
nificant differences between groups acclimated to 158C and 358C.
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FIG. 2. (A) Residuals of basal metabolic rate (BMR,
mean 6 1 SEM) of Hoopoe Lark, Dunn’s Lark, Spike-heeled
Lark, Skylark and Woodlark when acclimated to the outside
environment (pre-acclimation) and after acclimation to 158C
or 358C. Common letters indicate no statistically significant
difference between species when analyzed with separate Tu-
key tests for pre-acclimation values, and for post-acclimation
values for 158C and 358C groups (critical P 5 0.05). (B)
Residuals of total evaporative water loss (TEWL, mean 6 1
SEM) of Hoopoe Lark, Dunn’s Lark, Spike-heeled Lark, Sky-
lark, and Woodlark when acclimated to the outside environ-
ment (pre-acclimation) and after acclimation to 158C or 358C.
(C) Surface-specific minimum dry heat transfer coefficient
(h9, mean 1 1 SEM) of Hoopoe Lark, Dunn’s Lark, Spike-
heeled Lark, Skylark, and Woodlark when acclimated to the
outside environment (pre-acclimation) and after acclimation
to 158C or 358C.
Total evaporative water loss
Initial rates of TEWL at 258C did not differ between
birds assigned to the 358C and 158C groups in Wood-
lark, Spike-heeled Lark, Dunn’s Lark, and Hoopoe Lark
(P . 0.05). In Skylarks, TEWL was significantly higher
in the 158C group than in the 358C group, despite ran-
dom assignment of individuals (F1,11 5 13.02, P 5
0.004) (Fig. 3). Final rates of TEWL did not differ
between 158C- and 358C-acclimated groups in Wood-
larks, Spike-heeled Larks, and Dunn’s Larks (Wood-
lark: F1,11 5 0.74, P 5 0.41; Spike-heeled Lark: F1,7 5
0.24, P 5 0.64; Dunn’s Lark: F1,13 5 0.04, P 5 0.85),
but were significantly higher in the 158C-acclimated
groups of Hoopoe Lark and Skylark (Hoopoe Lark:
F1,11 5 7.85, P 5 0.017, Skylark: F1,11 5 5.80, P 5
0.035) (Fig. 3). Hoopoe Larks had TEWL rates 23%
higher in 158C-acclimated birds. Because initial values
of Skylarks differed between birds assigned to the 158C
and 358C group, we calculated the difference in TEWL
between pre- and post-acclimation TEWL for each in-
dividual and tested if these differences were the same
for the 158C-acclimated and the 358C-acclimated
group. The average difference between pre- and post-
acclimation TEWL in the 158C group was 0.05 6 0.85
g/day and in the 358C group was 20.28 6 0.53 g/day,
with values not significantly different (t 5 0.89, df 5
12, P 5 0.38). We concluded that Skylarks did not
change their TEWL in response to a three-week accli-
mation period at either 158C or 358C.
We calculated residuals of TEWL based on the
allometric equation for 12 species of larks: log
TEWL 5 20.814 1 0.816 log mass, with TEWL mea-
sured in grams per day and mass measured in grams
(Tieleman et al. 2003) (Fig. 2B). TEWL for Dunn’s
Lark and Hoopoe Lark were below predictions, where-
as TEWL for the other three species exceeded predic-
tions (Fig. 2B). We used ANOVA with pre- or post-
acclimated TEWL as the dependent variable to test for
differences between species. Because TEWL of Sky-
larks differed between 158C and 358C room birds, but
did not change in response to acclimation, we combined
data of 158C-acclimated and 358C-acclimated Skylarks
as final values in the analyses. Species had a significant
effect on residual TEWL (initial values: F4,63 5 11.40,
P , 0.0001; 158C: F4,36 5 6.98, P , 0.0001; 358C:
F4,36 5 8.73, P , 0.0001), and subsequent post hoc
tests indicated that residuals of TEWL did not differ
between Dunn’s Larks and Hoopoe Larks, or between
Skylarks and Woodlarks (Fig. 2B).
Dry heat transfer coefficient
The initial values of the minimum dry heat transfer
coefficient (h) did not differ between the 358C and 158C
groups of Dunn’s Larks, Hoopoe Larks, or Spike-heeled
Larks (Dunn’s Lark: F1,13 5 0.36, P 5 0.56; Hoopoe
Lark: F1,11 5 0.82, P 5 0.39; Spike-heeled Lark:
F1,7 5 3.73, P 5 0.10), but were different between the
358C and 158C groups of Skylarks and Woodlarks (Fig.
4). The interaction between mass and treatment had a
significant effect on h in Woodlarks (Woodlark: F1,9 5
12.18, P 5 0.007), whereas Skylarks in the 358C group
had a significantly higher h than those in the 158C group
(F1,11 5 5.62, P 5 0.04). Post-acclimation h did not
differ between treatments in the Woodlarks (F1,11 5
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FIG. 3. Total evaporative water loss (TEWL) as a function of body mass of birds assigned to acclimation at 358C (open
symbols) and 158C (solid symbols) for Woodlarks, Skylarks, Spike-heeled Larks, Dunn’s Larks, and Hoopoe Larks when
acclimated to their natural environment (pre-acclimation) and after acclimation to 358C and 158C (post-acclimation). Lines
indicate significant differences between groups acclimated to 158C and 358C.
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FIG. 4. Minimum dry heat transfer coefficient (h) as a function of body mass of birds assigned to acclimation at 358C
(open symbols) and 158C (solid symbols) for Woodlarks, Skylarks, Spike-heeled Larks, Dunn’s Larks, and Hoopoe Larks
when acclimated to their natural environment (pre-acclimation) and after acclimation to 358C and 158C (post-acclimation).
Lines indicate significant differences between groups acclimated to 158C and 358C.
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TABLE 2. Body temperatures (Tb) of 158C and 358C treatment groups before and after three
weeks of acclimation for Skylark, Woodlark, Spike-heeled Lark, Dunn’s Lark, and Hoopoe
Lark.
Species Treatment n
Mean 6 1 SD
Initial Tb(8C)
Final Tb(8C)
Difference
(8C)
Skylark
Woodlark
Spike-heeled Lark
Dunn’s Lark
Hoopoe Lark
358C
158C
358C
158C
358C
158C
358C
158C
358C
158C
7
7
7
7
5
5
8
8
7
7
40.6 6 1.70
41.3 6 1.45
41.4 6 0.90
41.6 6 1.28
···
···
40.5 6 0.26
40.4 6 0.49
40.8 6 0.69
40.7 6 0.35
42.1 6 0.80
42.7 6 0.60
42.7 6 0.48
43.1 6 0.39
41.0 6 0.39
41.2 6 0.69
39.5 6 0.77
39.8 6 0.64
40.4 6 0.69
40.8 6 0.44
1.5 6 1.21
1.3 6 1.44
1.2 6 0.99
1.5 6 1.17
···
···
21.0 6 0.66
20.6 6 0.45
20.4 6 0.95
20.1 6 0.59
TABLE 3. Food intake (mean 6 1 SD) of 158C and 358C treatment groups during week 3 of
the acclimation period for Skylark, Woodlark, Dunn’s Lark, and Hoopoe Lark.
Species
158C group
Food intake
(g/d) n
358C group
Food intake
(g/d) n
Skylark
Woodlark
Dunn’s Lark (seeds)
Dunn’s Lark (mealworms)
Hoopoe Lark
15.1 6 2.7
9.7 6 2.1
2.3 6 1.1
6.7 6 2.2
11.8 6 3.6
7
7
5
5
7
8.5 6 3.1
5.7 6 0.6
0.9 6 0.9
3.3 6 1.3
6.3 6 2.0
7
7
5
5
7
1.24, P 5 0.29) and the Hoopoe Larks (F1,11 5 2.48,
P 5 0.14), but was higher in the 158C-acclimated Sky-
larks and Dunn’s Larks than in their 358C-acclimated
conspecifics (Skylark: F1,11 5 28.53, P , 0.001,
Dunn’s: F1,13 5 36.44, P , 0.001). In the Spike-heeled
Lark, we found a significant interaction between mass
and treatment (F1,6 5 7.94, P 5 0.030), but average
values for h did not differ between treatments (t 5 0.36,
df 5 8, P 5 0.73).
To account for body mass differences in interspecific
comparisons, we calculated surface-specific h9 by di-
viding h by surface area calculated from Meeh’s equa-
tion (Walsberg and King 1978) (Fig. 2C). Skylarks and
Woodlarks had higher h9 than the semi-arid and arid
species (Fig. 2C). We tested pre-acclimation, and 158C
and 358C post-acclimation h9 for differences between
species. In all three analyses, species had a significant
effect on h9 (initial values: F4,62 5 38.05, P , 0.0001;
158C: F4,29 5 24.95, P , 0.001; 358C: F4,29 5 24.30,
P , 0.0001). Subsequent post hoc tests showed no
differences in h9 between Hoopoe Lark and Dunn’s
Lark and between Skylark and Woodlark (Fig. 2C).
Body temperature
Pre- and post-acclimation Tb values varied between
species and between treatments (Table 2). Pre-accli-
mation Tb did not differ between birds assigned to the
358C and 158C groups (F1,53 5 0.57, P 5 0.45), but
differed significantly between species (F3,53 5 3.15, P
5 0.03). Post hoc analysis revealed that Tb of Wood-
larks was significantly higher than that of Dunn’s Lark
(Tukey, 1.1 6 0.368C [mean difference 6 1 SEM], P
5 0.02), but that other species did not differ signifi-
cantly from each other (Tukey, P , 0.05). Post-accli-
mation Tb differed among species (F4,62 5 72.63, P ,
0.001) and between treatments, and was 0.4 6 0.158C
(mean 6 1 SEM) lower in the 358C-acclimated birds
than in the 158C-acclimated birds for all species com-
bined (F1,62 5 7.22, P 5 0.01). Post hoc analysis
showed that Tb of Dunn’s Lark was lower than that of
any of the other four species (all Tukey P , 0.001),
and that Tb did not differ between Hoopoe Lark and
Spike-heeled Lark (0.5 6 0.258C [mean difference 6
1 SEM], Tukey P 5 0.33) or between Woodlark and
Skylark (0.5 6 0.238C, Tukey P 5 0.21). All other
pairwise combinations of species indicated significant
differences in Tb (Tukey, all P , 0.001).
Food intake
Individuals of all species in the 158C room ate more
food than conspecifics in the 358C room. Skylarks and
Woodlarks consumed 78% and 71% more food, re-
spectively, when exposed to 158C than to 358C (Table
3). Dunn’s Larks at 158C ate 163% more seeds and
101% more mealworms than conspecifics at 358C, and
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TABLE 4. Dry mass and relative dry mass (as percentage of dry body mass) of organs and muscle of larks after three weeks
at 158C or 358C.
Species and
organ
Dry mass (mg, mean 6 1 SD)
158C 358C
Change
(%) P
Mass (%, mean 6 1 SD)
158C 358C
Woodlark
Brain
Heart
Intestine
Kidney
Liver
Lungs
Pectoral muscle
Stomach
171.2 6 9.5
109.5 6 14.8
238.4 6 28.6
87.9 6 7.2
360.4 6 40.2
70.2 6 8.4
543.4 6 64.4
243.6 6 13.3
170.3 6 10.7
96.7 6 12.1
187.9 6 33.3
75.3 6 12.1
292.4 6 43.9
71.6 6 10.9
855.3 6 62.9
192.0 6 13.3
0.5
13.2
26.9
16.7
23.3
22.0
236.5
26.9
0.870
0.102
0.010
0.039
0.011
0.795
0.000
0.000
1.60 6 0.12
1.02 6 0.11
2.23 6 0.26
0.82 6 0.05
3.37 6 0.38
0.66 6 0.06
8.42 6 0.49
2.28 6 0.12
1.69 6 0.13
0.96 6 0.11
1.86 6 0.32
0.74 6 0.11
2.89 6 0.40
0.71 6 0.09
8.45 6 0.46
1.90 6 0.13
Skylark
Brain
Heart
Intestine
Kidney
Liver
Lung
Pectoral muscle
Stomach
197.0 6 11.4
132.9 6 21.5
346.3 6 54.2
102.1 6 12.2
402.6 6 68.6
102.6 6 19.0
1014.3 6 137.1
271.1 6 52.1
189.4 6 14.7
124.3 6 25.3
265.2 6 46.1
93.0 6 11.5
322.9 6 44.1
102.3 6 13.3
901.1 6 72.4
212.2 6 32.6
4.0
6.9
30.6
9.8
24.7
0.3
12.6
27.8
0.300
0.508
0.011
0.175
0.027
0.168
0.078
0.026
1.51 6 0.17
1.01 6 0.09
2.64 6 0.36
0.78 6 0.06
3.07 6 0.46
0.79 6 0.17
7.72 6 0.76
2.06 6 0.29
1.60 6 0.10
1.04 6 0.10
2.23 6 0.27
0.79 6 0.12
2.73 6 0.32
0.87 6 0.12
8.45 6 0.83
1.78 6 0.10
Spike-heeled Lark
Brain
Hear
Intestine
Kidney
Liver
Lung
167.6 6 25.17
91.9 6 16.4
342.2 6 74.6
61.0 6 19.4
270.2 6 34.4
···
159.2 6 29.9
83.3 6 18.3
263.7 6 54.9
49.3 6 14.2
231.9 6 57.5
···
5.3
10.3
29.8
23.7
16.5
···
0.088
0.075
0.003
0.047
0.420
···
1.76 6 0.13
0.96 6 0.09
3.64 6 0.95
0.64 6 0.17
2.87 6 0.44
···
1.86 6 0.26
0.97 6 0.15
3.07 6 0.43
0.58 6 0.17
2.69 6 0.51
···
Pectoral muscle
Stomach
623.8 6 82.4
195.4 6 86.8
590.0 6 90.5
177.0 6 52.4
5.7
10.4
0.078
0.009
6.89 6 0.58
2.03 6 0.84
6.56 6 0.48
2.06 6 0.55
Dunn’s Lark
Brain
Heart
Intestine
Kidney
Liver
Lung
Pectoral muscle
Stomach
159.2 6 14.4
70.1 6 5.7
210.9 6 42.2
66.9 6 11.0
217.2 6 43.9
43.0 6 7.5
574.3 6 94.3
166.5 6 22.4
156.8 6 16.6
70.0 6 13.4
166.0 6 24.9
57.8 6 10.5
182.5 6 37.6
43.9 6 6.0
1028.0 6 161.9
126.5 6 6.8
1.5
0.1
27.0
15.7
19.0
22.1
244.1
31.6
0.759
0.983
0.024
0.109
0.111
0.811
0.000
0.001
2.02 6 0.14
0.89 6 0.09
2.67 6 0.62
0.85 6 0.18
2.76 6 0.63
0.55 6 0.11
7.24 6 0.79
2.12 6 0.38
1.95 6 0.17
0.87 6 0.15
2.06 6 0.30
0.72 6 0.11
2.26 6 0.37
0.55 6 0.07
6.96 6 0.80
1.57 6 0.07
Hoopoe Lark
Brain
Heart
Intestine
Kidney
Liver
Lung
Pectoral muscle
Stomach
209.9 6 28.2
122.5 6 19.44
354.0 6 63.9
108.0 6 13.4
358.0 6 54.1
84.9 6 16.5
962.4 6 204.6
207.9 6 29.9
193.4 6 13.6
131.7 6 21.4
255.4 6 37.1
86.8 6 8.4
281.4 6 38.8
84.0 6 14.9
947.4 6 19.6
170.4 6 27.1
8.5
27.0
38.6
24.4
27.2
1.1
1.6
22.0
0.187
0.420
0.006
0.004
0.010
0.916
0.891
0.030
1.48 6 0.20
0.86 6 0.10
2.49 6 0.41
0.76 6 0.05
2.51 6 0.20
0.59 6 0.06
6.71 6 1.01
1.47 6 0.20
1.39 6 0.15
0.94 6 0.14
1.83 6 0.29
0.62 6 0.06
2.03 6 0.38
0.60 6 0.07
7.23 6 0.61
1.21 6 0.11
Notes: We assumed a body water content of 65% to calculate dry body mass. Sample sizes in each group are: Woodlark,
n 5 7; Skylark, n 5 7; Spike-heeled Lark, n 5 10; Dunn’s Lark, n 5 8; Hoopoe Lark, n 5 7.
Hoopoe Larks ate 89% more mealworms in the 158C
room than in the 358C room (Table 3).
Body composition
After three weeks of acclimation, larks in the 158C
and 358C environments had developed differences in
the size of several organs (Table 4). In all species the
dry masses of organs involved in digestion or catab-
olism of food, such as intestine, kidney, liver, and stom-
ach, were larger in the 158C groups than in the 358C
groups. The magnitude of the difference ranged from
26.9–38.6% for the intestine, 9.8–24.4% for the kidney,
16.5–27.2% for the liver, and 22.0–31.6% for the stom-
ach (Table 4). Using ANOVA with treatment and spe-
cies as fixed factors, we tested if organ dry mass dif-
fered between treatments, and found significant effects
of species and significant increases in 158C compared
with 358C-acclimated birds for intestine (species F4,72 5
21.00, P , 0.001, treatment F1,72 5 39.80, P , 0.001),
kidney (species F4,72 5 39.09, P , 0.001, treatment
F1,72 5 19.32, P , 0.001), liver (species F4,72 5 29.97,
P , 0.001, treatment F1,72 5 28.92, P , 0.001), and
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TABLE 5. Results of comparisons of relative organ size between five species of larks and between groups within each
species that have been acclimated for three weeks to 158C or 358C.
Organ
Treatment†
F1,72 P
Species
F4,72 P
Tukey test results‡
Dunn’s
Lark
Hoopoe
Lark
Spike-
heeled
Lark Skylark Woodlark
Brain
Heart
Intestine
Kidney
Liver
Lungs§
Pectoral muscle
Stomach
0.45
0.02
26.87
7.88
16.20
1.67
2.65
8.57
0.506
0.887
,0.001
0.006
,0.001
0.202
0.108
0.005
24.56
3.96
21.87
7.77
9.30
24.47
17.29
9.28
,0.001
0.006
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
a
a
a
a
ab
a
a
a
b
ab
a
ab
a
ab
a
b
d
ab
b
b
bc
a
a
bc
b
a
a
bc
c
b
a
cd
ab
a
a
c
b
b
a
Notes: ANOVAs for each organ are based on arcsine square-root transformed data in Table 4. Post hoc test results were
obtained with Tukey tests.
† Significant differences indicate smaller organs in the 358C-acclimated birds compared with the 158C-acclimated birds.
‡ Insignificant differences between species are indicated with the same letter. Criterion for significance: P , 0.05.
§ Treatment F1,53; Species F3,53.
stomach (species F4,72 5 10.32, P , 0.001, treatment
F1,72 5 16.24, P , 0.001). The interaction between
species and treatment was not significant in any of these
analyses. Organs involved in the respiratory system did
not show a consistent difference between 158C- and
358C-acclimated birds in the five species (Table 4). The
differences in dry heart mass ranged from 27.0% to
113.2% and in mass of dry lung from 22.0% to
11.1%. Although heart and lung mass differed signif-
icantly between species (heart: F4,72 5 32.29, P ,
0.001; lungs: F3,53 5 61.96, P , 0.001), differences
between the 158C and 358C groups were not significant
(heart: F1,72 5 1.26, P 5 0.27; lungs: F1,53 5 0.006, P
5 0.94). Brain mass differed significantly between spe-
cies, but not between treatments (species F4,72 5 14.83,
P , 0.001, treatment F1,72 5 2.68, P 5 0.11). Pectoral
muscle dry mass did not differ between 158C and 358C
groups in Hoopoe Larks, was 5.7% larger and 12.6%
larger in 158C-acclimated compared with 358C-accli-
mated Spike-heeled Larks and Skylarks, respectively,
and was smaller in the 158C-acclimated individuals of
Dunn’s Lark and Woodlark by 44.1% and 36.5%, re-
spectively (Table 4). The significant interaction be-
tween species and treatment in our ANOVA indicates
that the response of the pectoral muscle to acclimation
differed between species (F4,68 5 15.25, P , 0.001).
To take into account differences in body mass be-
tween species, we expressed organ size as a percentage
of dry body mass, assuming a total body water content
of 65% of wet mass (Williams 1985, 1999), and tested
if relative organ size differed between treatments and
species (Tables 4 and 5). When expressed as proportion
of total body mass, intestine, kidney, liver, and stomach
were larger in the 158C-acclimated than in the 358C-
acclimated birds (Table 5). The remaining organs and
the pectoral muscle did not differ significantly between
158C- and 358C-acclimated birds (Table 5). Relative
size of all organs and the pectoral muscle differed
among species, but the post hoc tests did not reveal
systematic differences between the arid, semi-arid, and
mesic larks (Table 5). The only distinctive difference
between Hoopoe Lark, Dunn’s Lark, and Spike-heeled
Lark on the one hand and Skylark and Woodlark on
the other was the relatively smaller pectoral muscle in
the arid-zone species.
Interindividual variation and repeatability of BMR,
TEWL, and h
The interindividual variation in phenotypes of birds
acclimated to their natural climatic conditions was
;50% less in the Hoopoe Lark and the Dunn’s Lark
compared with the Skylark and Woodlark for mass-
adjusted BMR and h9, but not related to environment
for mass-adjusted TEWL (Table 6). Interindividual var-
iation in mass-adjusted BMR of the Spike-heeled Lark
was similar to that of the two mesic species, whereas
variation in h9 resembled values for the two arid-zone
species (Table 6).
Repeatability estimates for BMR varied between
0.48 and 0.66 in the larks from semi-arid and arid areas,
but were not significantly different from zero in the
two mesic species (Table 6). Repeatabilities of h
showed the reverse pattern with higher values for the
mesic species than for the Dunn’s Lark and the Hoopoe
Lark. Repeatabilities of TEWL were 0.73 and 0.50 in
the Skylark and the Dunn’s Lark, respectively, 0.22 in
the Woodlark, and zero in the Spike-heeled Lark and
the Hoopoe Lark.
DISCUSSION
Individuals of five closely related species of larks
showed considerable short-term phenotypic flexibility
of physiological and morphological characters when
acclimated to 158C or 358C. The interspecific variation
among the five larks was consistent with results of a
previous study that showed that among 12 species of
larks increasing aridity correlated with decreasing
BMR and TEWL (Tieleman et al. 2003). Phenotype-
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TABLE 6. Coefficients of variation (CV) and repeatability estimates (r) for basal metabolic rate (BMR), total evaporative
water loss (TEWL), and the minimum dry heat transfer coefficient (h) for five species of larks.
Species
BMR
CV (%) r 6 1 SE n n0 F P
TEWL
CV (%) r 6 1 SE
Skylark
Woodlark
Spike-heeled Lark
Dunn’s Lark
Hoopoe Lark
18.2
23.0
16.7
9.0
8.0
20.17 6 0.184
0.17 6 0.265
0.66 6 0.128
0.48 6 0.196
0.57 6 0.184
14
14
20
16
14
2.42
2
2
2
2
0.6413,17
1.4013,12
4.8819,18
2.8415,14
3.6313,12
0.788
0.285
0.001
0.029
0.016
26.8
28.0
19.1
33.9
19.7
0.73 6 0.104
0.22 6 0.178
20.04 6 0.324
0.50 6 0.192
20.10 6 0.270
Notes: Coefficients of variation are based on mass-adjusted values of BMR and TEWL, and surface-specific h before the
acclimation period. Repeatabilities are based on pre- and post-acclimation whole-animal data. Abbreviations are: n, number
of individuals; n0, coefficient related to the sample size per group in the ANOVA (Lessells and Boag 1987).
by-environment correlations based on interspecific
comparisons have been criticized because of the dif-
ficulty in distinguishing the effects of phylogenetic in-
ertia, genetic adaptation as a result of natural selection,
and phenotypic adjustment to the environment (Leroi
1994, Westoby et al. 1995, Hansen 1997). In a previous
study, we constructed a phylogeny of the larks and
excluded phylogenetic relatedness as a factor explain-
ing the decrease in BMR and TEWL with increasing
aridity (Tieleman et al. 2003). This study shows that
the effects of acclimation were insufficient to explain
the interspecific differences in physiology among five
species of larks. Therefore, the reductions in BMR and
TEWL in larks from arid environments are likely to
have a genetic component, although we cannot rule out
that developmental conditions play a role. The mag-
nitude of intra-individual flexibility varied between
physiological traits and depended largely on species,
but was not correlated with aridity. In addition, the
interindividual variation in physiological phenotypes
and the repeatability of physiological traits differed
between species and appeared correlated with environ-
ment for BMR and h, but not for TEWL.
Differences between species in BMR have been at-
tributed to the size of internal organs, especially heart,
liver, and kidneys, that have relatively high tissue-spe-
cific metabolic rates (Krebs 1950, Martin and Fuhrman
1955, Kersten and Piersma 1987, Daan et al. 1990,
Williams and Tieleman 2000). The reduced mass-cor-
rected BMR in arid-zone larks prompted us to ask if
these differences could be explained by smaller organs
or muscles. With the exception of the relative size of
the pectoral muscle, which is smaller in Dunn’s Lark,
Hoopoe Lark, and Spike-heeled Lark compared with
Skylark and Woodlark, we found no evidence for sys-
tematic differences in body composition between larks
from different environments (Tables 4 and 5). The pec-
toral muscle accounted for on average 13.9% of the
total body mass of the former three species and 16.5%
of the Skylarks and Woodlarks. Therefore, the relative
size of the pectoral muscle is 16% smaller in the arid-
zone birds, a reduction unlikely to explain the 50%
reduction in BMR. We hypothesize that in larks not
only the size of internal organs, but also the intensity
of the tissue-specific metabolic rates of various organs
may influence BMR.
Individuals of all five species showed large pheno-
typic flexibility of the organs of the digestive system
in response to exposure to 158C and 358C (Table 4).
When acclimated to 158C, birds consumed more food,
which apparently stimulated hypertrophy of intestine,
kidney, liver, and stomach compared with birds accli-
mated to 358C. The increase in size of the digestive
organs was paralleled by a significant increase in BMR
in the 158C-acclimated birds of all species, except the
Woodlark. These results support data from a previous
study that reported larger liver, intestine, kidney, and
possibly stomach, correlated with increased BMR in
cold-acclimated compared with warm-acclimated Hoo-
poe Larks (Williams and Tieleman 2000). The pectoral
muscle responded to acclimation by an increase in size
in Spike-heeled Larks and Skylarks from the 158C
room, a decrease in size by Dunn’s Larks and Wood-
larks in the 158C room, and no change in the Hoopoe
Lark. The increase in pectoral muscle mass may have
resulted from increased thermoregulatory demands that
required shivering thermogenesis in the 158C-accli-
mated Spike-heeled Larks and Skylarks. The opposite
finding in the Dunn’s Larks and Woodlarks might be
attributed to different activity levels; individuals of
these species at 358C appeared more active than con-
specifics at 158C. The combination of a decreased pec-
toral muscle mass and increased digestive organ sizes
in the Woodlark may have resulted in no net difference
in BMR between treatments. Organs and muscles may
have not only changed in size, but also in structure.
Capillary density, capillary surface area, and mito-
chondrial volume density in aerobic fibers increased in
the pectoral muscles of cold-acclimated Rock Doves
(Columba livia) to meet the increased energetic de-
mands of shivering (Mathieu-Costello et al. 1998). If
a parallel change occurred in larks, the increase in BMR
in 158C-acclimated birds may be partially attributable
to higher metabolic rates of the muscle tissue. Similar
studies in mammals have found larger internal organs
together with increased BMR in cold-acclimated mice
(Toloza et al. 1991, Konarzewski and Diamond 1995).
The magnitude of the changes in organ size fell within
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TABLE 6. Extended.
TEWL
n n0 F P
h
CV (%) r 6 1 SE n n0 F P
14
14
10
16
14
3
3
2
2
2
9.2413,24
1.8713,24
0.929,8
2.9615,14
0.8212,12
,0.0001
0.090
0.555
0.025
0.635
19.4
21.7
11.2
14.2
9.4
0.27 6 0.178
0.49 6 0.162
0.52 6 0.236
20.07 6 0.253
0.12 6 0.269
14
14
10
16
14
3
2.93
2
2
2
2.1013,24
3.7813,23
3.209,8
0.8715,14
1.2613,12
0.056
0.003
0.058
0.605
0.348
the range for other birds in response to dietary changes
or in preparation for migration (Karasov 1996, Piersma
and Lindstro¨m 1997). In general, the phenotypic flex-
ibility of the size of digestive organs and pectoral mus-
cle within individuals was as large as the variation in
organ mass between species, when corrected for body
mass differences.
Interspecific differences in TEWL cannot be ex-
plained by acclimation to temperature. Examination of
the role of developmental plasticity is necessary to fur-
ther support a genetic basis for the variation in TEWL
among larks from different environments. Although ac-
climatory responses to humidity remain untested in
birds, kangaroo rats (Dipodomys merriami merriami)
from the Sonoran Desert, reared at different humidities
but constant Ta and later acclimated to the opposite
humidity regime, showed that developmental plasticity
and acclimation accounted for all variation between
individuals from different geographic areas (Tracy and
Walsberg 2001).
Mechanisms responsible for the intra-individual flex-
ibility of TEWL in Hoopoe Larks may lie in the var-
iability of their cutaneous water loss (CWL), which
accounts for more than two-thirds of TEWL in these
larks (Tieleman and Williams 2002). Differences in the
structure and lipid composition of the skin possibly
correlate with differences in CWL between species and
within individuals acclimated to different conditions.
Zebra Finches (Taeniopygia guttata), for example, ap-
pear able to decrease CWL in response to water dep-
rivation by increasing the deposition of multigranular
bodies in the epidermal stratum corneum (Menon et al.
1989). In contrast, water-deprived Rock Doves (Co-
lumba livia) do not alter CWL at moderate Ta, although
at high Ta, they do have lower CWL than hydrated birds
(Arad et al. 1987). Cold-acclimated Rock Doves have
a lamellar, extracellular water barrier in the epidermis
that minimizes evaporation through the skin, whereas
heat-acclimation leads to the formation of structurally
heterogeneous skin that facilitates CWL (Peltonen et
al. 2000).
Maintenance of a constant Tb when metabolic heat
production is increased requires either an adjustment
in evaporative heat loss or in dry heat loss. In contrast
to Hoopoe Larks that adjusted their TEWL when ac-
climated to cold and warm environments, Skylarks and
Dunn’s Larks elevated their minimum dry heat transfer
coefficient during the three-week period of exposure
to 158C compared with 358C. The intra-individual flex-
ibility in these species was insufficient to explain the
interspecific differences in h9 between arid- and mesic-
zone birds by effects of acclimation only (Fig. 2C).
The lower dry heat loss in arid-zone species compared
with mesic-zone birds might contribute to minimizing
their energy requirements, but the mechanisms that ex-
plain this difference remain elusive.
Accurate statements about the selective value of a
physiological trait and about its inheritance can only
be made if one understands how variable that trait is
both between and within individuals. The hypothesis
that species in deserts experience stronger selection for
a frugal energy and water balance, and therefore show
less interindividual variation in physiological pheno-
types, was supported by the coefficients of variation
(CV) of BMR and h9, but not TEWL (Table 6). The CV
for TEWL was lower in the Hoopoe Lark than in both
mesic species, but higher in the Dunn’s Lark. These
results do not comply with the idea that phenotypic
variation is larger in species from harsh environments
(Parsons 1987, 1996). The high repeatabilities of BMR
(0.48–0.66) for Hoopoe Larks, Dunn’s Larks, and
Spike-heeled Larks, of TEWL (0.50–0.73) for Skylarks
and Dunn’s Larks, and of h (0.49–0.52) for Spike-
heeled Larks and Woodlarks indicate a within-individ-
ual consistency on which natural selection could op-
erate, although we do not know if the variation among
individuals has a genetic basis and therefore could re-
spond to selection. At the level of intra-individual flex-
ibility of physiological traits, all species appear flexible
in at least one of the studied traits, and we found no
general support for the hypothesis that species from
the temporally more heterogeneous arid environments
display a larger intra-individual plasticity (Parsons
1996).
The intraspecific heterogeneity in phenotypes and
the intra-individual phenotypic flexibility of desert
larks allow some optimism in view of the prediction
of an increase in annual Ta of 58C over the next 100
years in Saudi Arabia (Mitchell and Hulme 2000).
Studying the capacity for phenotypic change of phys-
iological traits will benefit from a broad approach in
which genetic and environmental influences on phe-
notypes of different species are distinguished, and spe-
cies are no longer viewed as genetically fixed entities.
1814 B. IRENE TIELEMAN ET AL. Ecology, Vol. 84, No. 7
ACKNOWLEDGMENTS
We thank Abdulrahman Khoja, Patrick Paillat, Ste´phane
Ostrowski, Ste´phane Hemon, Jean-Yves Cardona, and the
other staff at the National Wildlife Research Center, Taif,
Saudi Arabia, for logistic support throughout this study. Wild-
life research programs at the NWRC are possible through the
generous support of HRH Prince Saud al Faisal and under
guidance of A. Abuzinada of the National Commission for
Wildlife Conservation and Development. We are grateful to
Gerard Overkamp and the animal caretakers at the Zoological
Laboratory for practical help and advice, to Serge Daan for
comments on a previous draft, and to Niels Dingemanse for
suggesting and helping with the calculations of repeatability.
Dick Visser made the figures. We appreciate the help of Mark
Anderson of the Northern Cape Nature Conservation Service
for arranging permits, for helping to capture birds, and for
his hospitality. We also thank Graham Main for permission
to catch larks on the De Beers Mine’s Benfontein Farm and
for his hospitality, and Peter Gibbs for allowing the use of
the lodge. We are grateful to two anonymous reviewers and
Tony Williams, who provided comments that improved the
manuscript. Financial support for this study was provided by
the Schuurman Schimmel van Outeren Foundation (BIT), the
Schure Beijerinck Popping Foundation (BIT), the National
Wildlife Research Center (BIT, JBW, MEB), the Ohio State
University (MEB, JBW), the Rhodes University Joint Re-
search Committee (CRB), and the National Science Foun-
dation (JBW, IBN-0212092).
LITERATURE CITED
Arad, Z., I. Gavrieli-Levin, U. Eylath, and J. Marder. 1987.
Effect of dehydration on cutaneous water evaporation in
heat-exposed pigeons (Columba livia). Physiological Zo-
ology 60:623–630.
Bartholomew, G. A., and T. J. Cade. 1963. The water econ-
omy of land birds. Auk 80:504–539.
Becker, W. A. 1984. A manual of quantitative genetics. Ac-
ademic Enterprises, Pullman, Washington.
Boake, C. R. B. 1989. Repeatability: its role in evolutionary
studies of mating behavior. Evolutionary Ecology 3:173–
182.
Cade, T. J., C. A. Tobin, and A. Gold. 1965. Water economy
and metabolism of two estrildine finches. Physiological Zo-
ology 38:9–33.
Cooper, S. J., and D. L. Swanson. 1994. Seasonal acclima-
tization of thermoregulation in the Black-capped Chicka-
dee. Condor 96:638–646.
Cramp, S. 1988. Handbook of the birds of Europe, the Middle
East and North Africa. Oxford University Press, Oxford,
UK.
Daan, S., D. Masman, and A. Groenewold. 1990. Avian basal
metabolic rates: their association with body composition
and energy expenditure in nature. American Journal of
Physiology 259:R333–R340.
Dawson, W. R. 1984. Physiological studies of desert birds:
present and future considerations. Journal of Arid Envi-
ronments 7:133–155.
Dawson, W. R., C. Carey, C. S. Adkisson, and R. D. Ohmart.
1979. Responses of Brewer’s and Chipping sparrows to
water restriction. Physiological Zoology 42:529–541.
Dawson, W. R., and K. Schmidt-Nielsen. 1964. Terrestrial
animals in dry heat: desert birds. Pages 481–492 in C. G.
Wilber, E. F. Adolph, and D. B. Dill, editors, Handbook of
physiology: adaptation to the environment. American Phys-
iological Society, Washington, D.C., USA.
Falconer, D. S., and T. F. C. Mackay. 1996. Introduction to
quantitative genetics. Longman, New York, New York,
USA.
Gelineo, S. 1964. Organ systems in adaptation: the temper-
ature regulating system. Pages 259–282 in D. B. Dill, ed-
itor. Handbook of physiology. Section 4, Adaptation to the
environment. American Physiological Society, Washing-
ton, D.C., USA.
Gessaman, J. A. 1987. Energetics. Pages 289–320 in B. A.
Pendleton, B. A. Millsop, K. W. Cline, and D. M. Bird,
editors. Raptor management techniques manual. Yale Uni-
versity Press, New Haven, Connecticut, USA.
Hansen, T. F. 1997. Stabilizing selection and the comparative
analysis of adaptation. Evolution 51:1341–1351.
Hedrick, P. W. 1986. Genetic polymorphism in heterogeneous
environments: a decade later. Annual Review of Ecology
and Systematics 17:535–566.
Hudson, J. W., and S. L. Kimzey. 1966. Temperature regu-
lation and metabolic rhythms in populations of the House
Sparrow, Passer domesticus. Comparative Biochemistry
and Physiology 17:203–217.
Karasov, W. H. 1996. Digestive plasticity in avian energetics
and feeding ecology. Pages 61–84 in C. Carey, editor. Avi-
an energetics and nutritional ecology Chapman and Hall,
New York, New York, USA.
Kendeigh, S. C. 1969. Energy responses of birds to their
thermal environment. Wilson Bulletin 81:441–449.
Kersten, M., and T. Piersma. 1987. High levels of energy
expenditure in shorebirds: metabolic adaptations to an en-
ergetically expensive way of life. Ardea 75:175–187.
Konarzewski, M., and J. Diamond. 1995. Evolution of basal
metabolic rate and organ masses in laboratory mice. Evo-
lution 49:1239–1248.
Krebs, H. A. 1950. Body size and tissue respiration. Bioch-
imica et Biophysica Acta 4:249–269.
Lasiewski, R. C., A. L. Acosta, and M. H. Bernstein. 1966.
Evaporative water loss in birds. I. Characteristics of the
open flow method of determination, and their relation to
estimates of thermoregulatory ability. Comparative Bio-
chemistry and Physiology 19:445–457.
Leroi, A. M. 1994. What does the comparative method reveal
about adaptation? American Naturalist 143:381–402.
Lessells, C. M., and P. T. Boag. 1987. Unrepeatable repeat-
abilities: a common mistake. Auk 104:116–121.
Lide, D. R., and H. P. R. Frederikse, editors. 1997. CRC
handbook of chemistry and physics. 78th edition. CRC
Press, Boca Raton, Florida, USA.
Martin, A. W., and F. A. Fuhrman. 1955. The relationship
between summated tissue respiration and metabolic rate in
the mouse and the dog. Physiological Zoology 28:18–34.
Mathieu-Costello, O., P. J. Agey, E. S. Quintana, K. Rousey,
L. Wu, and M. H. Bernstein. 1998. Fiber capillarization
and ultrastructure of Pigeon pectoralis muscle after cold
acclimation. Journal of Experimental Biology 201:3211–
3220.
Menon, G. K., L. F. Baptista, B. E. Brown, and P. M. Elias.
1989. Avian epidermal differentiation. II. Adaptive re-
sponse of permeability barrier to water deprivation and
replenishment. Tissue and Cell 21:83–92.
Mitchell, T. D., and M. Hulme. 2000. A country by country
analysis of past and future warming rates. Tyndall Centre,
University of East Anglia, Norwich, UK.
O’Connor, T. P. 1995. Metabolic characteristics and body
composition in House Finches: effects of seasonal accli-
matization. Journal of Comparative Physiology B 165:298–
305.
Parsons, P. A. 1987. Evolutionary rates under environmental
stress. Evolutionary Biology 21:311–347.
Parsons, P. A. 1996. Conservation strategies: adaptation to
stress and the preservation of genetic diversity. Biological
Journal of the Linnean Society 58:471–482.
Pa¨tzold, R. 1994. Die Lerchen der Welt. Die Neue Brehm-
Bu¨cherei, Westarp Wissenschaften, Magdeburg, Germany.
Peltonen, L., Y. Arieli, A. Pyo¨rnila¨, and J. Marder. 2000.
Local cutaneous water barrier in cold- and heat-acclimated
July 2003 1815PHENOTYPIC VARIATION OF LARKS
Pigeons (Columba livia) in relation to cutaneous water
evaporation. Journal of Morphology 246:118–130.
Piersma, T., N. Cadee, and S. Daan. 1995. Seasonality in
basal metabolic rate and thermal conductance in a long-
distant migrant shorebird, the Knot (Calidris canutus).
Journal of Comparative Physiology B 165:37–45.
Piersma, T., and A. Lindstro¨m. 1997. Rapid reversible chang-
es in organ size as a component of adaptive behaviour.
Trends in Ecology and Evolution 12:134–138.
Pohl, H., and G. C. West. 1973. Daily and seasonal variation
in metabolic response to cold during rest and forced ex-
ercise in the Common Redpoll. Comparative Biochemistry
and Physiology 45A:851–867.
Sable Systems International. 1996. DATACAN V. Version
5.4. Sable Systems International, Las Vegas, Nevada, USA.
Schlichting, C. D., and M. Pigliucci. 1998. Phenotypic evo-
lution. A reaction norm perspective. Sinauer Associates,
Sunderland, Massachusetts, USA.
Schmidt-Nielsen, K. 1997. Animal physiology: adaptation
and environment. Edition 5. Cambridge University Press,
Cambridge, UK.
Serventy, D. L. 1971. Biology of desert birds. Pages 287–
339 in D. S. Farner and J. R. King, editors. Avian biology.
Academic Press, New York, New York, USA.
SPSS. 1999. SPSS. Version 10.0. SPSS, Chicago, USA.
Tieleman, B. I., and J. B. Williams. 1999. The role of hy-
perthermia in the water economy of desert birds. Physio-
logical and Biochemical Zoology 72:87–100.
Tieleman, B. I., and J. B. Williams. 2000. The adjustment of
avian metabolic rates and water fluxes to desert environ-
ments. Physiological and Biochemical Zoology 73:461–
479.
Tieleman, B. I., and J. B. Williams. 2002. Cutaneous and
respiratory water loss in larks from arid and mesic envi-
ronments. Physiological and Biochemical Zoology 75, In
press.
Tieleman, B. I., J. B. Williams, and P. Bloomer. 2003. Ad-
aptation of metabolism and evaporative water loss along
an aridity gradient. Proceedings of the Royal Society of
London, Series B 270:207–214.
Tieleman, B. I., J. B. Williams, and M. E. Buschur. 2002.
Physiological adjustments to arid and mesic environments
in larks (Alaudidae). Physiological and Biochemical Zo-
ology 75:305–313.
Toloza, E. M., M. Lam, and J. Diamond. 1991. Nutrient ex-
traction by cold-exposed mice: a test for digestive safety
margins. American Journal of Physiology 261:608–620.
Tracy, R. L., and G. E. Walsberg. 2001. Developmental and
acclimatory contributions to water loss in a desert rodent:
investigating the time course of adaptive changes. Journal
of Comparative Physiology B 171:669–679.
Via, S., R. Gomulkiewicz, G. De Jong, S. M. Scheiner, C. D.
Schlichting, and P. H. Van Tienderen. 1995. Adaptive phe-
notypic plasticity: Consensus and controversy. Trends in
Ecology and Evolution 10:212–216.
Walsberg, G. E., and J. R. King. 1978. The relationship of
the external surface area of birds to skin surface and body
mass. Journal of Experimental Biology 76:185–189.
Westoby, M., M. R. Leishman, and J. M. Lord. 1995. On
misinterpreting the ‘‘phylogenetic correction’’. Journal of
Ecology 83:531–534.
Williams, J. B. 1985. Validation of the doubly labeled water
technique for measuring energy metabolism in starlings and
sparrows. Comparative Biochemistry and Physiology 80A:
349–353.
Williams, J. B. 1996. A phylogenetic perspective of evapo-
rative water loss in birds. Auk 113:457–472.
Williams, J. B. 1999. Heat production and evaporative water
loss of Dune Larks from the Namib Desert. Condor 101:
432–438.
Williams, J. B., and B. I. Tieleman. 2000. Flexibility in basal
metabolic rate and evaporative water loss among Hoopoe
Larks exposed to different environmental temperatures.
Journal of Experimental Biology 203:3153–3159.
Withers, P. C. 1977. Measurements of VO2, VCO2 and evap-
orative water loss with a flow-through mask. Journal of
Applied Physiology 42:120–123.
Withers, P. C., and J. B. Williams. 1990. Metabolic rate and
respiratory physiology of an arid-adapted Australian bird,
the Spinifex Pigeon. Condor 92:961–969.
Zar, J. H. 1996. Biostatistical analysis. Prentice Hall, Engle-
wood Cliffs, New Jersey, USA.
